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Chemical Inducers of Differentiation in a
Long-Term Renal Cell Line
by Julia E. Lever*
The long-term renal epithelial cell line LLC-PK1 expresses atconfluence several differentiated characteristics
ofrenal proximal tubule including Na/glucose cotransport and several brush border membrane hydrolases.
The differentiation-inducing chemical hexamethylene bisacetamide (HMBA) triggers a dramatic induction
ofNa /glucose symport, trehalase and maltase, expressed as an increase in the number ofcells in the cul-
ture that express thedifferentiated phenotype. Characteristics ofthe induction response are reviewed in terms
ofproposed mechanisms ofinducer action. New evidence suggests that in addition to elevation ofintracel-
lular Na levels mediated bypartial inhibition ofthe sodium pump, HMBA treatment also alters polyamine
levels via effects on ornithine decarboxylase. These responses may be mediated by HMBA effects on protein
kinase C activity. The possible roleofpolyamine fluctuations and DNA demethylation in mediating HMBA
effects on differentiated gene expression is currently being investigated.
Introduction
In recent years, considerable attention has focused on
the expression ofrenal functions in cell culture. These ex-
perimental systems offer theadvantages associated with
thegrowth ofasingle cell type invitro, including the op-
portunity to examine effects of variables such as cell
growth and metabolism, hormonal environment, substra-
tum, cell-cell interactions, cell polarity, and specific gene
expression.
This review will focus on factors that influence the
expression of the differentiated phenotype of the long-
term cell line LLC-PK1 derivedfromkidneyproximal tu-
bule. Thispolarized epithelial cell line expresses in culture
a number of differentiated functions characteristic of
proximal tubule includingNa+/glucose cotransport activ-
ity and several brush border membrane disaccharidase
activities such as trehalase and maltase (1). These activ-
ities are expressed after the development of a high cell
density and confluent monolayer and are localized in the
apical membrane.
Enhancement of a Differentiated
Phenotype by Exogenous Inducers
Categories of Inducers
Certain differentiation-inducing chemicals trigger adra-
matic progressive increase in expression of several
differentiated functions after addition to confluent
monolayers. The biological activity ofthese inducers was
first detected by the visible increase in dome formation
thatfollowed their addition to MDCK cells, anotherlong-
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termrenal cellline, ofdistal tubule orcollecting duct ori-
gin (2). Domes resultfrom transepithelial fluid transport
in cell culture and reflect both differentiated and un-
differentiated functions, key contributors being Na,K-
ATPase activity, cell adhesiveness to the substratum, de-
velopment ofoccludingjunctions, and membrane polari-
zation. Subsequently, itwas demonstrated that certain in-
ducers triggered enhanced levels ofother differentiated
functions in LLC-PK1 cells, including Na+/glucose sym-
portactivity(3,4)andseveralmicrovillarhydrolase activ-
ities (1).
Inducersfell into threemajorcategories: a)polar com-
pounds such as hexamethylene bisacetamide (HMBA),
dimethylformamide (DMF), and dimethyl sulfoxide
(DMSO) (2,5); b) physiological compounds such as
butyrate and adenosine (2,5); and c) inhibitors such as
5-azacytidine, an inhibitor ofDNA methylation and oua-
bain (6), an inhibitor of Na,K-ATPase. These agents are
known to stimulate cell differentiationin awide range of
cell types, suggesting that similar intracellular mechan-
isms operate regardless ofthe fmal pathway ofdifferen-
tiation. However, themechanismby which they stimulate
the development ofa differentiatedphenotype is not un-
derstood.
Inducible Markers in Renal Cell
Cultures
Microvillar Hydrolases
Trehalase, maltase, y-glutamyltranspeptidase, leucine
aminopeptidase, and alkaline phosphatase activities were
identified in the apical membrane of LLC-PK1 cultures
(1). Inhibitorandkineticcharacteristics ofthese activities
closelyresembledthoseofrenalproximaltubule. Microvil-
larhydrolase activitieswere barely detectable in sparse,J. E. LEVER
subconfluent cultures, but upon development of a con-
fluent cell density andfunctionalmembrane polarization,
these activities were significantly and coordinately in-
creased.
Treatment of confluent cultures with the inducer
HMBA produced a dramatic increase in both trehalase
and maltase activities (1). Activities ofother hydrolases
such asleucine aminopeptidase and alkaline phosphatase
were not affected. Induction was aprogressive response,
reaching a plateau after 20 to 30 days of exposure to
HMBA (Fig. 1). The development of a confluent
monolayerwas aprerequisite forincreased expression af-
ter inducer addition; if inducers were added to subcon-
fluent cultures, increased trehalase activity did not ap-
pear until after the development of a confluent cell
density. Similar results were obtained whether inducer
was added at 1 day after plating cells at an initial con-
fluent cell density orafteraddition to cellsgrownto con-
fluence froman initial sparse density. Induced trehalase
was localized in the apical membrane and activity ex-
hibited an unchanged Km for trehalase but increased
Vmx. Induction oftrehalase wasblockedbycycloheximide
aftera24-hrlagperiod, suggestingthe existence ofanin-
tracellularpool oftrehalasewith alonghalf-life. When ex-
tracts fromcontrol andHMBA-induced cells weremixed,
activities were additive, suggesting that increased levels
oftrehalase activitywere not due to synthesis ofan acti-
vator or removal of an inhibitor.
N,N'-Dimethylformamide (DMF) was also effective in
inducingboth trehalase andmaltase activities. Activities
increasedprogressively overa30-dayperiod. Inthis case,
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FIGURE 1. Induction oftrehalase and maltase by HMBA. Trehalase ac-
tivity in control (0) and HMBA-treated cultures (0). Maltase activ-
ity in control(U) and HMBA-treated cultures (A). Cell density in con-
trol (- - -) and HMBA-treated cultures (-----). From Yoneyama and
Lever (1).
induction ofmaltase exceeded that oftrehalase. DMF was
far more cytotoxic than HMBA; ifactivities are normal-
ized to cellnumberorDNAcontent, themagnitude ofin-
duction by DMF is far greater than ifnormalized to to-
tal cell protein.
DMF and HMBA differed in reversibility characteris-
tics. While effects of DMF were freely reversible after
removal ofinducer, effects ofHMBApersisted over4 days
after removal.
Commitment Period
A48-hrexposure to HMBAwassufficienttocommitthe
cells to commence a program ofincreased trehalase ex-
pression. The subsequent degree ofinduction increased
as afunction oftime in culture after the initial exposure
and the inducer concentration. Cells appeared to retain
a memory ofinducer treatment for at least 1 week, but
induction was reversed aftertrypsinization andreplating
in the absence of inducer.
Cell Patterning Response to HMBA
In order to further investigate the mechanism of in-
creased trehalase expression after inducer treatment of
LLC-PK1 cultures, fluorescence immunolocalization
studies were carried out using a polyclonal antibody to
trehalase purified from pig kidney cortex (7).
The antibody recognized a 100 to 110 kD protein by
Western blot analysis of HMBA-induced LLC-PK1 cell
extracts but this band was not visible in uninduced cell
extracts. The antibody inhibited trehalase activity in
cell extracts, whereasnoinhibition wasobservedafterin-
cubation with a control antibody; also, trehalase activity
was immunoprecipitated after overnight incubation with
antitrehalase IgG.
Figure 2 shows that HMBA-induced cultures contain a
largernumberoftrehalasepositive cells thanuninduced
confluent cultures. Trehalase stainingwas localized in the
apical membrane and exhibitedthetypicalpunctate stain-
ing pattern characteristic of apical membrane proteins.
Interestingly, trehalase-positive cells were not randomly
distributed over the monolayer but were organized into
clusters and strands of cells (Fig. 2). These clusters and
strands were also distinguishable fromtheflattened areas
of the monolayer by phase contrast optics (Fig. 2). The
relationship ofthis phenomenon to inducer action was es-
tablishedbytheobservation thatthenumberoftrehalase
positive cells increasedas afunction ofHMBA concentra-
tion up to anoptimum of10 mM and were also increased
as a function of duration of exposure to inducer. The ki-
netics of the appearance of trehalase-positive cells cor-
related well with the kinetics of the appearance of in-
creased trehalase activity.
Itisunlikelythatthetrehalase-positive cells in strands
may represent a preexisting cell population rather than
an induced phenotype. Six clonal lines derived from the
parental LLC-PK1 culture exhibited induction oftreha-
lase and development ofstrandformation, indicatingthat
a single cell has the potential to give rise to both
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FIGURE 2. Immunofluorescence localization oftrehalase in HMBA-induced cultures. (a) Phase contrast and (b)fluorescence optics, control cultures.
(c) Phase contrast and(d) fluorescence optics, cultures treated for2 weeks with 10 mM HMBA. Cultures were stained with rabbit polyclonal an-
titrehalase antibody and FITC-conjugated goat antirabbit second antibody, as described previously (7). Bar = gm.
Figure 3 illustrates a scanning electron micrograph of
a LLC-PK1 monolayer. Bothflattened and strand-forming
regions ofthe monolayer exhibit characteristic microvilli
on the apical membrane surface, and this morphology is
unalteredafterHMBAtreatmentapartfromanincreased
incidence ofcells in strands. Interestingly, well-developed
cilia are evident on most cells in the monolayer, as shown
in more detail in Figure 3B. Ciliaformation in LLC-PK1
monolayers has also been observed by Mullin and Klein-
zeller(8). These ciliapresumablyfunction intheproximal
tubule in vivo to facilitate fluid flow.
Induction oftrehalase expression could be dissociated
from effects on cellpatterning. DMF inducesthe same in-
crease in trehalase activity as HMBA but does not elicit
the cell patterning and cell strand-forming response. In
this case, trehalase-positive cells were scattered at ran-
dom overthemonolayer andallcellsexhibited aflattened
cuboidal morphology (7). Thus, clustering of trehalase-
positive cells is not a prerequisite for increased expres-
sion of trehalase.
One hypothesis to explain the different actions of
HMBAandDMF onthe spatial distributionoftrehalase-
positive cells overthe monolayerproposes passage ofin-
tracellular mediators of differentiation through cell-cell
junctions. Expression of the differentiated phenotype,
monitoredby the number oftrehalase-positive cells, can
be viewed as a stochastic event, theprobability ofwhich
is increased after inducer treatment. The result is an in-
creasednumberofpositive cells inthe population. HMBA
wouldregulate the levels ofintracellularmediators(e.g.,
ions, polyamines) that could diffuse to adjacent cells via
cell-cell junctions, accounting for the clustering of
trehalase-positive cells. By contrast, DMF would notpro-
mote cell-cell communication, resulting in isolated, ran-
domly distributed trehalase-positive cells.
Another possible explanation is based on division of
committed cells. Adiminished rateofcell divisionpersists
in a confluentmonolayer. HMBA treatment does not ap-
preciably inhibit cell proliferation, whereas DMF is
strongly inhibitory.
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Induction by Growth on a Permeable
Support
Growth of LLC-PK1 monolayers on polycarbonate
filters(Nuclepore, 5Mmpore size)ledtoincreasedtreha-
lase expression and extensive development ofstrandfor-
mation, approaching the levels observed after HMBA
treatment ofmonolayers grown onplastic. Trehalase ex-
pression was almost exclusively confined to cell strands.
These observations indicate thatgrowth ofmonolayers on
apermeable substratummimics the effects ofHMBA on
monolayers grown on plastic.
Enhancement of differentiated gene expression by
growth on collagenous, basal lamina or permeable sub-
strata have been noted in other epithelial cell types (9),
but the mechanism ofthese effects is not understood. It
has been proposed that enhanced access ofnutrients to
basolateral transport sites is responsible. Extensive
changes in epithelial morphology have been describedun-
der these growth conditions, including a more columnar
cell shape and deposition of a basal lamina (10).
Role of Cell-Cell Contact and Cell Density
Irehalase expression wasgreatly decreased in sparse,
subconfluent cultures, although afewpositively staining
cells were occasionally visible inthe centerofcellislands,
aregionofhighlocal cell density. Thisresult couldnotbe
explainedbyremovalofpreexistingtrehalasebytrypsini-
zation before replating at low cell density. When a con-
fluent monolayer was wounded with a pipette, the local
regionofrapid cellproliferation andlowcell densitythus
created was devoid of trehalase-positive cells. These
results lend support to the interpretation that the cells
do not terminally differentiate.
Onemayconcludefromthesefindingsthatinduction of
increased trehalase expression requires cell-cell contact
andahighlocalcelldensity. However, theseconditions are
not sufficient, since only afraction ofcells in an induced
confluent monolayer express trehalase. Since alterations
in cellproliferation, cell shape andvolume, cytoskeleton,
andcell-celljunctionformation areintimately coupledto
changes in cell density, it is difficult to pinpoint the con-
tribution ofeach variable. Denselyconfluentmonolayers
are capableofadiminishedrate ofcell division andtight
junctions have been observed to persist even in mitotic
cells (11).
Induction ofTrehalase by Glucose
Deprivation: Dissociation from Induction
by HMBA
When LLC-PK1 cultures were switched to medium in
whichglucose wasreplacedbygalactose, induction oftre-
halase was observed (Fig. 4). As noted in the case ofin-
ductionbyHMBA, trehalase induction accompanying glu-
cose deprivation was a slow, adaptive process occurring
over20to30 days. Analternate carbohydrate source was
required to observe induction; supplementation with
galactose wasoptimalwithless induction observedinthe
presence ofmannose andfructose. Concentrations ofglu-
cose above 5 mM were sufficient to block induction. The
nonmetabolizable glucose analog a-methyl glucose per-
mitted slightly increased levels of trehalase compared
withglucose-containingmedium, suggestingthat sugars
exerttheireffects afterinteractionwithacellularrecep-
torratherthanbygeneration ofanintracellularmetabo-
lite.
Clonal sublines were derived nonselectively from the
parentalpopulation andfellinto twocategories: Cellsthat
exhibited trehalase induction after glucose replacement
by galactose, and cells that did not exhibit trehalase in-
duction after glucose replacement. Both categories ex-
hibitedinducibility oftrehalaseby HMBA. These results
suggestthattrehalase induction afterglucose deprivation
occursbyadifferent mechanismthaninductionobserved
after HMBA treatment.
In clones maintained for 2 weeks in glucose-free,
galactose-supplemented media, glycogen levels and lac-
tateproductionwere diminished, butATPlevelswereun-
changed. Activities of glucose-6-phosphatase, a rate-
limiting enzyme of gluconeogenesis, were dramatically
elevated. Isolation ofgluconeogenic LLC-PK1 clones was
recently described (12). Inthis case, cloneswere selected
for abilitytoproliferatewell underglucose-deprived con-
ditions. Theseresultsindicatethatthe LLC-PK1 line con-
tains cells that retain the capability forgluconeogenesis
associated with renal proximal tubule.
Induction of Na+/Glucose Symport
Activity
Amsler and Cook (3) have demonstrated that addition
ofHMBAto confluent LLC-PK1 monolayers accelerated
the development of Na+/glucose symport activity. This
response wasblockedby addition ofthe tumorpromoter
TPA, suggesting thattheproteinkdnase C systemmaybe
involved. By contrast, the facilitative type of glucose
transporter is induced by TPA (13). Using phlorizin, a
specifichigh-affinity ligandthat serves to titrate the num-
berofactive symporterunits, Amsler and Cook(4) dem-
onstrated thatthe induced transport activityrepresented
an increased number of symporter sites.
Usingmonoclonal antibodies that specifically bind the
Na+/hexose symporterofLLC-PK1 cells (14,15), we car-
ried outfluorescence immunolocalization ofsymporterex-
pression in LLC-PK1 monolayers. Antibodies recognized
a 75 kD protein in cell extracts as determined by West-
ern blot analysis; this is the same apparent molecular
weight observed in renal brush bordermembranes from
pig kidney. The symporter was purified to homogeneity
frompigkidney brushbordermembranes andactive frac-
tions could be identified by reconstitution of Na+-de-
pendentphlorizinbindingactivity(16). Thepurifiedprep-
aration was a glycoprotein.
Immunolocalization studies revealed that HMBA-
induced monolayers contained a dramatic increase in the
number of symporter-positive cells. As noted for treha-
lase, symporter-positive cells were organized in clusters
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FIGURE 4. Induction oftrehalase after glucose deprivation. Glucose-grown cultures were switched on day 0 to medium supplemented with either
(0)10%'o undialyzed serum but no hexoses; (A) 10%o dialyzed serum plus 25 mM glucose; or (U) 10%o dialyzed serum plus 25 mM galactose.
or strands rather than randomly distributed in the
monolayer.
Taken together, immunolocalization studies have dem-
onstrated in the case oftwo differentiated markers, tre-
halase and the Na +/glucose symporter, that HMBA en-
hances the differentiated phenotype by increasing the
proportion ofcells in the culture that express differenti-
ation markers, rather than by increasing the expression
of these markers uniformly over the cell population.
HMBA appears to facilitate a commitment step thatturns
on a program of differentiated expression.
Mechanism of Action of Inducers
Although the precise mechanisms that regulate
differentiated gene expression in renal epithelial
monolayers are not understood, studies using chemical in-
ducers and cell variants haveprovided some information.
Although HMBA and DMF are equally potent as in-
ducers, they clearly operate by different mechanisms. Ef-
fects of DMF are readily reversible after removal of in-
ducer(1), whereas after a48-hrcommitmentperiod, cells
retain a memory of HMBA exposure (7). HMBA stimu-
lates increased intracellular cyclic AMPlevels after24hr,
whereas DMF does not affect cyclic AMP levels (17).
HMBA induces the cell patterning response; DMF does
not(7). Variant MDCK cells were isolatedthat were resis-
tant to induction by HMBA and by DMF (18).
An early event common to bothinducers is elevation of
intracellular Na + levels. This is achieved after a24-hr in-
cubationwithinducers, requires de novo protein synthe-
sis, andinvolves a30 to40% reduction inthe transport ef-
ficiency ofthe Na,K-ATPase (6,19). The significance ofthis
finding is underscored by the observation that inducer-
resistant variants were refractory to pump inhibition by
HMBA (18). Inhibition was not due to a reduction in the
numberofpumpunits, as shownbytitrationwithtritiated
ouabain, could not be explained by decreased accessibil-
ity to basolateral pump sites, and did not result from
changes in ATP levels. Since Na+/Ca2+ antiport has been
demonstrated in LLC-PKI cells (20), it is predicted that
increased Na+ levelswouldresultinincreasedintracellu-
larCa2 + levels. This mayinturnactivate Ca2 +-dependent
protein kinases, phospholipases, or other potential com-
ponents ofaregulatorycascade. We were unable to dem-
onstrate increased Ca2 + levels using quin-2 within the
first 24 hr after inducer treatment. It is possible that
these effects are too transient to be measured under our
conditions.
Increased intracellular Na+ levels have been observed
to trigger differentiation in a wide variety of cell types,
suggesting a fundamental role. Ouabain promoted
differentiation in mouse embryos (21) and murine
erythyroleukemia (MEL) cell cultures (22).
Insights into the Mechanism of HMBA
Action Obtained with MEL Cells
Intracellular Metabolites. HMBA is now entering
phase 1 clinical trials as an anticancer agent used in
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FIGURE 5. A working hypothesis to explain induction of cell differentiation by HMBA.
differentiation therapy (23). As a result, its intracellular
metabolites have been identified in both human and ani-
mal studies (24,25). Metabolites included 6-acetamido-
hexanoic acid; N-acetyl-1,6-diaminohexane; 1,6-diamino-
hexane; 6-aminohexanoic acid and itslactam, caprolactam.
The acetyl moeities of HMBA can be incorporated into
lipids and protein (26). N-Acetyl-1,6-diaminohexane also
accumulates after HMBA addition to MEL cells and ex-
ogenous addition ofthis metabolite is able to triggerthe
complete differentiation process in MEL cells (27). This
implies that HMBA is not directly responsible forinduc-
tion but acts via its catabolites.
Polyamines. HMBAadditiontoMEL cells caused ade-
crease in ornithine decarboxylase activity (ODCase), as
well as changes in polyamine levels (28). The polyamine
biosynthetic enzyme ODCaseisnegativelymodulatedby
avariety ofdiamines, includingthe HMBAmetabolite N-
acetyl-1,6-diaminohexane (27). Strong evidence that
changes in cellular polyamines may mediate HMBA-
induced differentiation was provided by observations that
difluoromethylornithine (DFMO), an irreversible ODCase
inhibitor, stimulated differentiation of MEL cells (29).
Methylglyoxal bis(guanyl hydrazone), acompetitive inhib-
itor ofS-adenosylmethionine decarboxylase, produced op-
posing changes in polyamines and blocked induction by
HMBA. Findings from this study suggested that
polyamine-dependent events early in the commitment
period were necessary for induction of differentiation.
DNA Hypomethylation. In addition to its effects on
polyamine biosynthesis, DFMO dramatically increases
intracellular levels ofdecarboxylated S-adenosylmethio-
nine(SAM)(30). Since S-adenosylmethionine isthemethyl
donorinmostintracellularmethylationreactions, accumu-
lation ofitsintracellular derivativemightbe expected to
influence cellular methylation.
HMBA-induced differentiation in MEL cells is accom-
panied by a genome-wide DNA hypomethylation (31).
Furthermore, addition of 5-azacytidine, an inhibitor of
DNAmethylation, could induce MEL cell differentiation
(31). Hypomethylation during MEL cell differentiation
was transient, resulting from rapid demethylation fol-
lowed by de novo methylation (32). Razin et al. (32) have
provided elegant evidence that DNA demethylation dur-
ing HMBAinduction ofMEL cell differentiation does not
require DNA replication but represents an active en-
zymatic replacement of5-methylcytosine by cytosine in
nonreplicating DNA.
Protein Kinase C. Tumor promoters such as phorbol
12-myristate 13-acetate inhibit differentiation in both
MEL cells(33) and inLLC-PKI cultures (3). Protein kin-
ase C is a specific receptor for the tumor promoter (34)
andisbelievedtobeintimatelyinvolvedwithsignal trans-
duction in cell proliferation and differentiation in a vari-
ety of cell types (35). Melloni et al. (36) have presented
several lines of evidence that HMBA induction of MEL
cell differentiation involves a proteolytically activated
form ofprotein kinase C that does not require Ca2+ or
phospholipidfor its catalytic activity. Polyamines have re-
cently been shown to inhibit protein kinase C association
with the membrane (37). Other categories of inducers,
such as dimethyl sulfoxide, cause a decrease in phos-
phatidylinositol metabolites inositol triphosphate and di-
acylglycerol (38). Diacylglycerol activates protein kinase
C and inhibits differentiation.
Possible Model to Explain HMBA Effects
on Cell Differentiation
Figure 5 presents a hypothetical scheme to interpret
HMBA-mediated induction ofdifferentiatedgene expres-
sion, based on findings outlined previously. It appears
likely that HMBA does not act directly but via one ofits
intracellular metabolites, N-acetyl-1,6-diaminohexane.
Amongthe earliest intracellular events are atransient ac-
tivation ofprotein kinase C (within 2 hr) followed by its
depletion, a reduction in intracellular spermidine and
putrescine and a rapid transient DNA demethylation,
possibly influenced by changes in polyamine levels. Also
within the first 24 hr, increased intracellular Na+ levels
are detected, mediated by inhibition of the
Na+,K+-ATPase. Protein kinase C has been proposed to
regulate Na+,K+-ATPase activity (39) and also mediate
induction of ornithine decarboxylase activity (40). The
temporal and causalrelationship betweenthese proposed
mediators ofdifferentiation and intermediate steps in the
cascade of events have not yet been elucidated.
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